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Abstract

Optical casc-2 waters near an ocean outfall were examined, using a combination of AVIRISimagery
and ship-bascd surface and profile bio-optical measurements. Ilio-optics] mooring data were usefulin
determining, the hydrodynamics of the arca. Aftercorrecting the image to units of water-leaving radiance
(1 .w), excellent agreement was achieved between remotely-sensed and in-situ measurements. Spectra
from visibly different arcas were exti acted and compared to the in-water measurements and to cach other.
Neal-shore spectra were dominated by the presence of suspended sediment from beach e1 osion. Spectra
from the central part of the image had a characteristic signature from particulates from either the outfall 01
resuspension of bottommaterial or both. At the offshore. edge. of t he image. elevatedlevels of chloroph yll

had the greatest influence on spectral shape. Backscatter at 660 nm was calculated from the AVIRIS data
and a backscatter image was produced which clearly showed the. distribution of the two types of
sediments.

There was a large swell at the time. of the over flight and the side of the swell towards the sun was
significantly brighter duc to sut face reflected sunlight. The light and dark patiern was examined in detail,
and the difference between the light and dark portions of the image was quantifiecd. A moderate resolution
imager such as SeaWil'S would average the. light and dark pixels, and retrieve afasely high water leaving
radiance signal.

1. Imtroduction

Approximately 374 million gallons of treated wastewater per day from1.0s Angeles County arc
inoduced into the coastal ocean near White Point, on the Pales Verdes Peninsula. The effluent is
discharged through two diffusers, and mixes with the surrounding watt.rs at a rate determined in parl by
local physical processes. Nommally the plant adequately treats the sewage, however, 1 .0s Angeles has
combined storm drains and sewers and during storiny periods in the winter the flow exceeds the plants
capacity and a combination of street ranoff and pat tially treated sewage iS released into the ocean. Beach
closings in the vicinity of this and other Southern California se.wage outfalls are common following storm
cvents. An additional concern is that during these energetic petiods, previously deposited sediments may
be resuspended and mixed up into the water column releasing DT and other toxic materials that were
discharged into the. ocean in the 1940s anti 1950s.

Previous studies near the, outfall have focused on transport and dispersion of the plumel-4. in
addition, Wu et al.2 and Washbur p et al.4 have desct ibed the. resuspension of bottom sediments during
periods of increased currents and have elucidated techniques for separating the particle signal into
photosynthetic and non photosynthetic components, using bio-optical measurements. in this study we usc
aircraft remote. sensing ocean color measurements validated with in situmeasurements to dcline.ate, the
extent of the. plum and dc.scribe other feat ures in t he San Pedro Channel.



“1"0 date ocean color remote sensing has focused primarily on mesoscale and ocean basi n scale feat roes,
Yor example the SeaViewing Wide Ficld of View Sensor (SeaWil:$)S will be launched catly next year
and will provide global data at 4.5 km resolution and regional data at 1.13 km resolution in 8 selected
bands. This will be an excellent data set formany oceanic problems, and it is expected to be used by a
large community of oceanographers forresearch and an even broader group for some commercial
applications. 1 lowever, there are many circumstances where SeaWil‘S will not provide. useful data, such
asin the near coastal areas which require higher spatial 1esolution and in case 2 waters® where dissolved
organics, suspended sediments and bottom reflection can interfere with the chloroph yll signal. 1 n
addition, SeaWil:S is highly tuned for ocean applications and it saturates over most land scenes, and over
clouds. This means that if the scan is from the land to the ocean then the instrument is still 'ringing' from
the. saturation and the. ocean data is not usable for up to 10 pixels, 0111 km from the shore. For many
coastal ocean sites this is a huge loss. Yor example, ringing will mean that the SeaWil'S data for San
Francisco Bay is essentially all contaminated, as it is onaverage only 10 km wide.. Also, estuaries have
high sediment and dissolved organics and the. ScaWik:S band set isinadequate to resolve the chlorophyll
signal from these, competing, signals. Other areas that will provide difficulties for ScaWili§ are the.
Mississippi River Plume and other river plume.s which have high sediment loads.

To overcome these problems we have been using the Airborne Visible/Infrared Imaging Spectr ometer
(AVIRIS) m study coastal ecosystems. AVIRIS has 10 nin spectral anti 20 m spatial resolution and
preliminary algorithms have been developed for case 2 waters®9. There isno ringing evident in AVIRIS
data as AVIRIS has sufficient dynamic 1ange to handle cloud, land and ocean scenes. With 20 m spatial
resolution it is possible to image even the smallest bays and estuaries. Here we use AVIRIS data to study
coastal erosion and the plume from alarge sewage outfall.

2. Study site and AVIRIS data collection

AVIRIS images of the White Point/San Pedro Channel area (figure 1 ) and supporting ship data were
acquited on March 21, 1991. Severa storms had passed through the areain the weeks preceding the.
experiment and 20 knot winds and alarge swell persisted on the. day of sampling. During AVIRIS data
collection, the solar zenith angle was 36.5° and the azimuthal angle was 2.05.6°. ‘I"he flight line was
dircetly away from the sun to minimize sunglint anti uneven illumination. A total of ten ocean scenes wei e
collected, covering the San Pedro Channel between the I'aes Verdes Peninsula and Catalina Island, in two
swaths. Each AVIRIS scene is 10 by 12 kilometers with 20 m spatial resolution. The data are stored as a
spectral data cube; 614 samples by 512 lines by 2.20 spectral bands. The spectr al cover age of the

instrament is from ().4 to 2.4 pm, anti each channel has an approximately Gaussian response with a
nominal 10 nm width at half maximum signal.

AVIRIS was originaly designed to study land tar gets and the signal-to- noise performance was
mai ginal for- dark targets such as the ocean "0 In response to the need for improved signa to noise in the
visible the AVIRIS team has made many improvementsin AVIRIS performance. This data, collected in
early 1991, was free of patterned noise and we obtained good average spectra binning 5x5 pixels, which
resulted in 100 m spatial resolution.

A few clouds can be seen in the images, but overall visibility was quite good. For this analysis, the.
two images closest to White Point were concatenated, for a total of614 lines of image data. The combined

image was spectrally subsampled, and only the spectral range 0.4 to 1.2 pm was analyzed.
3. In-situ measurements

At the. time of the overflight optical profile data wcic acquired using a Bio-Optical Profiling System
(BOPS)!1, The BOPS is based on a Biospherical Instruments (San Dicgo, CA) MER 1048 which
measures spectra] downwelling irradiance and upwelling irradiance and radiance (including 683 nm
fluorescence), photosynthetically available radiation (I’ AR), depth, tilt and roll. Temperature and salinity



were measured with a SeaBird CI'D, chloroph y]] with a Sea Tech fluorometer and beam transmission (660
nm) with a Sea Tech transmissometer. Simultancously surface, downwelling irradiance was collected with
a four channel deck cell. The BOPS data were binned to 1 m depth intervals and processed to remove, ship
reflection or shadow and other possible. artifacts using interactive software which we dcve.loped for this
purpose: using the Interactive Datal.anguage (ID1,, Research Systems, inc.).

Mcasurements of remote-sensing reflectance of the sea surface, (Rrs), from 350 to 1250 nm were made.
with a Spectron Engincering Model 590 handheld spectroradiometer following the procedures of
Hamilton, et a. 12 and references cited therein. Sea surface reflectance was measured relative to a gray
1()% reflectance standard and corrections were made for reflected skylight, Because of the. rough sea state
and abundance of foam at station 1, only the. Rrs spectrum from station ? was used in this analysis.

Water samples were, collected at four depths for determination of chlorophyll and phacopigments.
Two hundred and fifty milliliter samples were. filtered onto Whatman GF}¢ filters and processed for

chlorophyll and phacopigments following the method of Strickland and Parsons13.

For the two months preceding the overflight, a physical and bio- optical moor ing was placed near the.
location of the outfall (Figure 1) by the. University of Southern California, Ocean Physics Group, with
fourinstrument packages at depths from 10 m to 50 min the water column. Fachinstiument package
includes sensors for measuring temperature, conductivity, dissolved oxygen, orthogonal components of
current, chlorophyll (Sea Tech fluorometer) and beam transmission at 660 nm (Sea Tech
transmissometer), All data were recorded once per minute. The moor ing was recovered two days before
the. ovci flight and sampling cruises, and therefore was not contemporancous with the overflight.
1 lowever, sclected data are included because recent curient history can have an important effect on the
optical properties of the water column in this region.

Additionally, shipboard weather data and archived meteorological data were obtained from several
sources for patameterizat ion of the atmospheric comet ion to the images.

4. Tmage calibration and atmospheric correction

in each spectral channel AVIRIS measures the following sum of radiances:

Liot = Lwtd(01) + Lpath 4 Lsky*(pta(01 ) - pta(02)), 1)

whiere:

110t = Total radiance, received at the aircraft (the, AVIRIS data)

1.w = wate r-leaving radiance

td(01) = diffuse transmission of the atmosphere at the instrument view
angle

1d4(02) = diffuse transmission at the solar zenith angle

1 path = path- scattered Rayleigh and aerosol radiance due, to the

at mosphere
I.sky= skylight as viewed looking up from the surface,, at the. instrument

view angle
p = Fresnel reflectance of the water sur face

Each of the terms on the right side. of the equation, with the cxccrtion of water-leaving radiance, was
modeled with the at mospheric radiative transfer code LOWTRAN-714, A modified version of the model
was used which allows a variable input for atmospheric watt.r vapor. This value is determined from the.
uncorrccted scene itself, by measuring the depth of the water absorption feature at 1130 nm. The intensity



of this absorption is proportional to the column abundance of water, and a scaling term was derived for the
image. Thisisthe continuum interpolated band ratio (CIBR)method of Brucggc] 5 and Carrerc 1 0,
however no ground-truth sun-photometer measurements were available at the time of the. overflight. The
modeling of column water abundance was therefore done. entirely with LOWTRAN-7, by applying a
scaling factor to the amount of precipitable water predicted for the White Point scene (?2..356 cm).

The exact column ozone abundance, was calculated for the date. of the overflight using corrent ozone
profiles provided by the UARS (Upper Atmosphere Research Satellite) project. As the gas profiles used
by 1.LOWTRAN-7 are based on 1976 measurements, [O3] was rescaled for the atmospheric correction.

"The. model was run in radiance mode with the proper geometi y and environmental characteristics to get
t he pat h-scat tered term. It was run again with the observer placed on the surface looking up into space to

get a value for skylight, which is then reflected off the ocean using the Yresncl reflectance (p) and
diffusely transmitted through the atmosphere to altitude,.

Rearranging:

L.w(@image) = [Liot - 1-path - 1 sky* (ptd(61) + ptd(02))1/1td(01). ?

The WatCI-Iea\_/i ng, radiance thus derived from the image was then compared to in-situ measurements,
collected by both in-water (MER104 8) and sui face (Spection handheld spectroradionacter) instruments at
station 2. The remote-sensing reflectance measurements taken with the Spectron were transformed to

units of watm-leaving radiance, using a surface irradiance spectrom (}".d4 ) calculated for the scene
conditions using 1 OWTRAN-7:

R 3
1 w(Spectron) = Res*lid" @

The uppermost Sm of the underwater light field measurements were propagated to just below the
surface using a polynomial interpolation, and then transformed to just above the sut face using a factor of

0.54412;

1.w(MER) = Ly *0.544. ()

The independent estimates of 1-ware shown in figure 2. Agrecment between the. various
measurements is remarkably good, except in the short wavelengths. This is assumed to be an instrument
calibration problem which is the. result of achange in institument performance between conditions in the
laboratory where it is calibrated and conditions in the aircraft (Rob Green, personal communication).
Carder ctal.? devel oped a vicarious recalibration technique which we employ here. We used the Spect1on
data for the recalibration and for this purpose, the higher spectral resolution measurements of the Spectron
instrument were resampled to AVIRIS spectral channel positions and halfwidths. The ratio of the
Spectron water-leaving radiance to the AVIRIS water-leaving radiance were them used to adjust the image
calibr at ion cocfficients, and these ncw coefficients were applied to the entire image., This was performed
only in the spectral region where the image calibration is unsatisfactory for a water target, i.e. for
wavelengths less than 500 nm (the first 10 AVIRIS channels). ‘I’his combination of modeling and
vicariousrecalibr at ion (where necessary) was used to produce an aimospherical] y corrected and accurate.
image for analysis.

§. Analyses andDiscussion

Distinct water types were identified in the image and representative spectra (figure, 3) were exti acted
for analysis. Wind and wave eroded beach sediments can be seen extending from land (figure 1), and arc



characterized by high reflectance in the range 500-700 nm (figure 3). This is assumed to be sand, which
arc relatively large particles which rapidly settle out of the. surface water. These highly reflective plumes
extend onl y ashort di stance from shore and then end abraptl y, supporting the idea that they arc composed
of large particles with a high settling rate.

A larger more diffuse plume extends from the outfall area to nearly the edge of the image. The
wavelength of maximum reflected radiance in this area is identical to that of the beach sand (figure 3),
however the magnitude is reduced by ncarly a factor of 4. This plume is either from the outfal or the
result of high current shear acting on the sediments along the slope-bmak, The final two days of mooring
measurements of current speed and beam attenuation help to shed some light on this question (figure 4).
These data were. collected with the. uppermost (1 O m) instrument package and suppot t the ideathat it is
sediment resuspension. A significant increase in beam attenuation was recorded towar d the. end of the
moor ing deployment (2 days prior to the overflight) and it was coincident with an increase in cursent speed
associated with the storm (figure 4). We are uncertain as to the composition of these. particulates,
however, these particles arc probably smallerin size since the. stayed suspended over a large area, and are
probabl y composed of outfall effluent mixed with terrigenous silt.

A water-leaving radiance spectrum obtained from the AVIRIS image in an area with submerged kelp
beds clearl y shows the chlorophyll “ml-edge.” at 700 nm (Figure 3). Kelp require cool, clear nut 1ient-rich
water and human activities which alter those conditions will reduce the extent of kelp beds. Remote-
sensing kelp surveys have been proposed by Jensen and Estes! 7 and in the region of an ocean outfall the.
extent of kel p beds could be an important indicator of the ecological health of the area. 1'he spectra of kelp
reporied by Jensen and Estes17, and kelp spectra that we collected from Monterey Bay, do not have the
high reflectance feature centered near 550 nim which is seen in the kelp spectrain Figure 3. Given the high
level of suspended sediments in the surrounding watt.~ with a peak reflectance at 570 nm it islikely that
suspended sediments in the kelp bed are contributing this signal.  This was probably a temporary
condition as the. result of the storm, however, if it were. to persist it would likely damage the. kelp.

The profile of percent transmission at station 2. (figure 5) shows reduced transparency in the surface
waters due to an abundance of particles in the, top25 m.  The corresponding profile of chloroph yll
fluorescence islow at the surface and peaks bet ween 10 and 25 m, with a sharp decline to very low levels
by 35m. The temperature and salinity probes were not working when these measurements were
collected, but the position of the chlorophyll fluorescence maximum indicates that a well-defined
thermocline existed near 30 m, despite recent wind-mixing, Extracted chlorophyll values were. high
throughout the top 20 m and actually highest at the surface (table 1). This change in fluorescence per unit
chlorophyll is commonly observe.d (e.g. 18y and is mused by light inhibition of phytoplankton
fluorescence in the surface waters. Taking fluorescence inhibition into account the chlorophyll and percent
transmission profiles are very similar indicating an abundance of particles, including phytoplankton mixed
throughout the upper ?5 m.

Spectra from the three stations occupied for optical profiling are shown in figare 6. Station 3, furthest
from shore, had nearly double the concenti at ion of chloroph yll and associated piginents of inshore station
2. (table 1). Its spectrum is clearly dominated by high absorption by phytoplankton pigments, without
suspended sediments to elevate the signal near 500 nm. ‘The position of peak water--Icavin~ radiance. is
550 nm, in contrast to the inshore stations, which peak at 500 nm.

Spectra from stations 1 and 2 appear quite similar, except in the short wavelengths (<480 rim). The
station 1 spectium has a strong absorption feature at 4S0 nm, indicating the presence of photosynthetic
pigment, Station 2, however, shows much stronger absorpt ion in the shoriest wavelengths measured, and
lacks the clear absorption feature, at 450 nm. This suggests that the station 2 spectram ishighl y influenced
by colored dissolved organic matter (CIDXOM), possibly from the sewage effluent.



All 3 station spectra show a dlightly elevated signal near 683 nm indicative of solar induced
chlorophyll fluorescence; in the. case of the inshore. spectrait is superimposed on the elevated sediment
signal. The fluorescence signal is clearest in the spectra from station 3 which correlates with highex
chlorophyll (table 1) at that station and the 683 fluorescence signal observed in the BOPS data (not
shown). Solar-induced fluorescence of chlorophyll has beenmapped at low atitude with a prototype
airci aft imaging spectrometer!9. in waters with high chlorophyll (> 2 mg/m3) the, 683 nm fluorescence,
signal may be the best tool for estimating phytoplankton abundance as it is relatively free of interference
from the. signals from suspended sediments or dissolved organics which are often high in coastal
productive. waters.

‘1’here was a large swell at the time of the. overflight and in the northeast corner of the image it was
rotated so that it was oriented towards and away from the sun. The side of the. swell towards the sun was
significantly brighter duc to surface reflected sunlight. An area of the image where this pattern was
particularly obvious was selected to determine how this patter-n affects the signal of an ocean color -
instrument with a spatial resolution that would be unable to resolve this difference. Light and dark pixels
within this area were separated, and their spectra are shown in figure 7, along with the difference bet ween
the two. Approximatel y 20% of the pixelsin the area chosen for this analysis (1 square. km) were affected
by this directly reflected beam. The radiance. offset has slight spectral structure., and is highest at $50 nmn
generally reflecting the shape of the solar spectrum. Using the mean of the light and dark samples as
representative of a spatially integrated signal the potential error from including the bright pixels was
calculated. The error has a spectral shape and is largest where the actual signal is smallest (figure 7). This
could produce a significant error in data products from moder atc 1 esolution inst raments which average.
over 1 square km and use band-ratio algor ithms.

Previousl y published algorithms were used to estimate the inherent optical propertics of the area.
Assuming that absorption at 660 nm is primarily from water and adding a slight correction for the
phytoplankton wc calculated backscatter at 660 nm from the remote sensing reflectance at that wavelength.
Figure 8 shows bb and Rrs along a transect from the clearer water offshore into the nearshore high
sediment plume.. Consistent with the work of Carder et a .8, wc find a greater separat ion of bp and Ryg as
reflectance of the scene increases. However for our data there is a 12.X difference in the magnitude of
these, estimates while Carder etal. found a ratio of 3.35. Clearly, these relationships arc regional, and
most likely dependent on the composition of the suspended particles. An image of backscatter at 660 nm
was created (figure 9). It clearly shows the high sediment plumes coming off the beaches and the
moderate sediment levels in the middle of the image associated with either the outfall or shelf break
sediment resuspension.

6. Summary and Conclusions

An imager with a few discrete channels will not provide adequate information to separate the
chlorophyll signal from the signal from dissolved organics, detritus, suspended sediments, bottom
reflectance, kelp and other features that arc often found in the coastal zone. As one approach to overcome
these problems we have been working with AVIRIS to test the utility of imaging spectrometer data for
studies in coastal waters, To date wc have demonstrated the ability to separate the chlorophyll signal from

bottom reflectance in clear waters of 1 .ake Tahocl?and the. turbid waters offshore from Tampa Bay9. in
addition signals from re- suspended sediments anti di ssolved organics have been interpreted for Tampa
AVlRlSimagcs&9.Ilcm we examined differences in spectra from different arcas of an AVIRIS image of
San Pedro Channel. Spectral signals from large particles of beach sand and either resuspended bottom
material or effluent from the outfall show sufficient differcnce to allow separation. Near-shore, kelp beds
are identifiable from their spectral signature, even with a sediment signal superimposed, The spectra from
the sampling stations were examined, arid show differences between one another that arc related to the
suspended sediment nearshore, and high chlorophyll offshore. Both near- and offshore spectra show the
cffect of CIDOM.




A part of the image which showed the effect of specular reflectance was examined in detail. The offset
between ‘gjntcd and unglinted pixels had a spectra similar to sunlight, with a magnitude of as much as 0.4
mW cm® s I'nm1 at 550 nm. Approximately 20% of the pixelsin the, test area wet ¢ contaminated with
this direct reflectance, and this effect could significantly bias estimates of chlorophyll concentration made.
with moderate resolution imagers which integrate over much larger spatial scales.

An algorithm for estimating backscatter from an AVIRIS image that was developed for Tampa Bay
was applied to this image. The ratio of bb to Rrs was very diffc.rent for San Pedro Channel compared to
Tampa Bay and this highlights the. need for regional agorithms for case 2 waters.
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‘I"able 1. Extracted chlorophyll and phacopigment values (ing/1) from water
collected at stations 2 and 3.

Station 2.. time 1315 PST. 33°40.93 N, 118°18.29° W

§amp]c depth (im)  chlorophyll pheaopigments chl4 phaco
2 128

2. 0.6S 1.93
2 10 0.90 0.53 1.43
3 20 0.95 0.51 1.46
4 40 0.10 0.35 0.45

Station 3. time 1415 PST. 33°36,12' N, 118°21 .32'W

sample depth (m)  chlorophyll pheaopigments chl+ phaco
2 2.15 0.80 2.95
6 10 1.63 0.82. 2.45
7 20 2.37 0.90 3.27
8 40 0.60 0.56 1.16
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3. Mean spectra
extracted from
four distinct areas
inthe AVIRIS
image as indicated
in figure 1. The
signal-to-noise
ratio was
enhanced at |east
Sfold by
averaging.
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Current speed and beam attenuation coefficient (with the attenuation of water

removed) measured during the last two days of the mooring deployment. The
abscissa is record number, and records were collected once per minute. The
predominant current direction w’as along the coast towards the northeast.
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5. Spectra of the underwater light field at various depths at station 2, and profiles of
chlorophyll fluorescence and percent transmission of collimated (660 nm) light,
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6.  Spectra extracted from the AVIRIS image, at the profiling stations occupied on
21 March, 1991. Each spectrum is a mean from a 50X 50 pixel area.
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8. Comparison of
Rrs (660 nm) and
bb (660 nm), each

derived from the 0.10 by,
AVIRIS "o Rpg?3.35
image. Separation - o Rpgr 12

between the two

increases with

increasing

reflectance of the 0.05
scene, and the

offset between the

two is nominally a

factor of 12.
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The contoured image of backscattering coefficient at 660 nm. Values have been
multiplied by 1000 for clarity.



